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Atmospheric cold plasma (ACP) oﬀers great potential for decontamination of food borne pathogens. This study
examined the antimicrobial eﬃcacy of ACP against a range of pathogens of concern to fresh produce comparing
planktonic cultures, monoculture bioﬁlms (Escherichia coli, Salmonella enterica, Listeria monocytogenes,
Pseudomonas ﬂuorescens) and mixed culture bioﬁlms (Listeria monocytogenes and Pseudomonas ﬂuorescens). Biotic
and abiotic surfaces commonly occurring in the fresh food industry were investigated. Microorganisms showed
varying susceptibility to ACP treatment depending on target and process factors. Bacterial bioﬁlm populations
treated with high voltage (80 kV) ACP were reduced signiﬁcantly (p < 0.05) in both mono- and mixed species
bioﬁlms after 60 s of treatment and yielded non-detectable levels after extending treatment time to 120 s.
However, an extended time was required to reduce the challenge mixed culture bioﬁlm of L. monocytogenes and
P. ﬂuorescens inoculated on lettuce, which was dependent on bioﬁlm formation conditions and substrate.
Contained treatment for 120 s reduced L. monocytogenes and P. ﬂuorescens inoculated as mixed cultures on lettuce
(p < 0.05) by 2.2 and 4.2 Log10 CFU/ml respectively. When bioﬁlms were grown at 4 °C on lettuce, there was
an increased resistance to ACP treatment by comparison with bioﬁlm grown at temperature abuse conditions of
15 °C. Similarly, L. monocytogenes and P. ﬂuorescens exposed to cold stress (4 °C) for 1 h demonstrated increased
tolerance to ACP treatment compared to non-stressed cells. These ﬁnding demonstrates that bacterial form,
mono versus mixed challenges as well as environmental stress conditions play an important role in ACP inactivation eﬃcacy.

1. Introduction
Recently, there has been increasing concern for the number of food
associated illness worldwide (WHO, 2015). The ability of microorganisms to survive and grow under processing and storage conditions followed by continuous adaptation and increasing tolerance of microbial
population to antibiotics and disinfectants has made it even more difﬁcult to control their levels in food. Several types of bacterial population play major roles in the food industry such as Escherichia coli, Salmonella, Shigella, Listeria and spoilage bacteria such as Erwinia
carotovora, Pseudomonas spp. which are commonly associated with food
contamination and spoilage (Tournas, 2005). One of the important
factors associated with fresh produce contamination and increased resistance to antimicrobials is its ability to form bioﬁlms (Murray et al.,
2017). Many foodborne pathogens have been identiﬁed as bioﬁlm
producers which may form bioﬁlms on food matrixes, on food industry
infrastructure as well as in water distribution system that could further
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contributes to food spoilage and cross contamination between the facilities and spread of foodborne pathogens (Zhao et al., 2017).
Bacterial bioﬁlms are complex microbial multicellular communities
embedded in an organised matrix mostly composed of extracellular
polymeric substances (EPS) that traps several microorganism and other
excreted cellular products including lysed cell debris and macro-molecules (Stoodley et al., 2002). Bioﬁlm formation is one of the universal
ways of microbial communities to develop coordinated structural and
survival strategies. The ability of the bioﬁlm to resist extreme environmental conditions such desiccation, low temperature and antimicrobials treatment (chemical and advanced treatments such as UV
radiation) makes them of high importance to food safety (Borucki et al.,
2003).
L. monocytogenes can thrive under a wide range of adverse environmental conditions: acids, high salt and refrigerated conditions. In
addition, it can adhere to several biotic and abiotic surfaces and form
bioﬁlms (Renier et al., 2011). Pseudomonas spp. are versatile
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2. Methods and materials

psychrotrophs commonly associated with spoilage of fresh foods because of their widespread existence in water, soil and vegetation under
both optimal as well as refrigeration temperatures. They are documented as good producers of EPS including polysaccharides, nucleic
acids and proteins, forming thick bioﬁlms. Although much attention has
focused on mono-culture bioﬁlm, in nature most bioﬁlms are comprised
of multiple species (Tan et al., 2017). The interspecies interactions can
develop structural and functional dynamics of these communities different from single species populations. Mixed culture bioﬁlms have
gained attention in the recent years due to observances of resistance by
comparison with single species bioﬁlm (Lohse et al., 2017; Pang et al.,
2017; Parijs and Steenackers, 2018). This is possibly due to presence of
higher extracellular polymer substance (EPS) production, diﬀerences in
physiological status or due to interspecies cross protection (Jahid and
Ha, 2014; Stewart, 2015). Sustained co-existence of multi-species in the
same bioﬁlm implies compatibility between species and the possibility
for cooperative interaction between them. In this study, mixed bioﬁlm
comprising L. monocytogenes and P. ﬂuorescens was studied. The interactions between these bacterial species has been previously been studied in planktonic and bioﬁlms by Sasahara and Zottola (1993) and
Buchanan and Bagi (1999). In addition to bioﬁlm formation, bacteria
species are inﬂuenced by the food components as well as the food
storage conditions. Food preservation conditions such as low pH, high
osmotic pressure or low temperature could be adverse for some microorganisms which could induce stress responses and enhance bacterial resistance to antimicrobial treatments (Chen et al., 2017; Vivijs
et al., 2016). Short term exposures may alter cellular physiology and
bacteria become resistant to subsequent challenges such as food disinfection or food preservation techniques (Calvo et al., 2017; Patil et al.,
2010; Rodriguez-Romo and Yousef, 2005). The assessment of ACP as an
industrial level food decontamination strategy requires information on
microbial plasma resistance after food environmental stress conditions.
Both L. monocytogenes and Pseudomonas species are able to grow at low
temperatures, they may jointly form bioﬁlm on variety of raw materials
and food or food contact surfaces, which makes them ideal to investigate its growth and indeed control as multispecies bioﬁlms.
A clearer understanding of physiological behaviour of multispecies
bioﬁlm communities formed by bacteria on abiotic or biotic surface in
food processing environment could provide useful information necessary for controlling the contamination of food products. Atmospheric
cold plasma is a form of ionised gas generated at atmospheric pressure
and under non-thermal conditions (Pankaj and Keener, 2017). The gas
discharge triggers a complex network of biological and cellular responses by generating various active agents such as high energy UV
photons, charged particles (positive, negative and free electrons), and
reactive species (namely, ROS, RNS, hydrogen peroxides) (Misra et al.,
2018). Accumulation of these charged particles and reactive species
could damage bacterial cell membrane and intracellular components
via diﬀerent modes of action that have lethal eﬀects on microorganisms
(Bourke et al., 2017). Cold plasma treatment is capable of surface
sterilization by inactivating the microbial population through series of
physio-chemical mechanisms; however the exact mechanism responsible for bactericidal activity is still elusive. ACP treatment has
been demonstrated for microbial decontamination of produce (Misra
et al., 2014; Ziuzina et al., 2015b). This study aimed at (i) determining
the inﬂuence of plasma and treatment parameters on bacterial inactivation (ii) inﬂuence of short term exposure of acid and cold stress
shock on the inactivation by ACP (iii) inactivation of key foodborne
pathogens and spoilage microorganisms as mono or mixed species
bioﬁlm in model product media as well as on lettuce and (iv) to examine the eﬀect of diﬀerent temperature storage conditions on bioﬁlm
formation on fresh produce and its eﬀects on ACP antimicrobial eﬃcacy.

2.1. Culture maintenance
The bacterial strains used in this study, Listeria monocytogenes NCTC
11994, Escherichia coli NCTC 12900, (non-toxigenic O157:H7),
Salmonella enterica Typhimurium ATCC 14028 and Pseudomonas ﬂuorescens LZB065 were obtained from the microbiology stock culture of the
School of Food Science and Environmental Health of the Dublin
Institute of Technology. Erwinia carotovora was obtained from Leibniz
Institute DSMZ, Germany. All strains were maintained at −80 °C in the
form of protective beads (Pro-Lab Microbank®, UK). Each bacterial
strain was streaked onto tryptic soy agar (TSA, Biokar Diagnostics,
France) and incubated at 26 °C (E. carotovora), 30 °C (P. ﬂuorescens) and
37 °C (S. enterica, E. coli, L. monocytogenes) for 24 h. The bacterial culture plates were then maintained at 4 °C.
2.2. Lettuce sample preparation
Lettuce (Irish iceberg) was purchased on the day of the experiment
from the local supermarket and stored in refrigerator at 4 °C until use.
The outer leaves were removed, and inner leaves were used for the
experiment. Lettuce pieces were cut (5 × 5 cm) aseptically and immediately rinsed with sterile distilled water to clean and to remove
unattached bacteria. Washed lettuce samples were dried in biosafety
cabinet for 20 min.
2.3. Preparation of lettuce broth (LB) media
Lettuce juice was prepared as described in Ziuzina et al. (2015b)
with minor modiﬁcations. Brieﬂy, lettuce juice was extracted from
cored, whole iceberg lettuce that was processed using a stomacher. The
extracted juice was centrifuged (10,000 rpm for 10 min at 4 °C) twice to
remove coarse particles. The supernatant obtained was membrane ﬁlter
sterilized (0.2 μm, pore size, Millipore, Ireland) and was diluted to 12%
using sterile distilled water. All broths were freshly prepared before
each experiment and stored at 4 °C until use.
2.4. Inoculation procedure
To prepare inoculum, single colony of each bacterial strain was
transferred to tryptic soy broth (TSB, Biokar Diagnostics, France) and
incubated at respective temperature depending on the bacteria for 18 h
until stationary phase was reached. Cells were harvested by centrifugation at 10,000 rpm for 10 min and the obtained pellet was washed thrice with phosphate buﬀer solution (PBS, Sigma Aldrich). After
washing, the ﬁnal pellet was re-suspended in PBS. The concentration of
bacterial inoculum was adjusted to 0.5 McFarland standard
(BioMérieux, Marcy-l'Etoile, France) corresponding to 7.0 Log10 CFU/
ml which was conﬁrmed by plating on TSA.
For stress exposure experiments, washed bacterial cells of L.
monocytogenes and P. ﬂuorescens were suspended in either lettuce broth
acidiﬁed to pH 4 using 33% acetic acid (Sigma-Aldrich Co., Ireland)
then incubated for 1 h at 37 °C or in lettuce broth and stored in 4 °C for
1 h. The bacterial cells inoculated into plain lettuce broth incubated
37 °C for 1 h served as negative non-stress control.
The lettuce inoculation procedure was carried out by Ziuzina et al.
(2015b) method with minor modiﬁcation. The cut lettuce pieces were
submerged in a beaker containing 300 ml of bacterial suspension of L.
monocytogenes and P. ﬂuorescens (mixed in equal ratio 1:1) for 2 h in
laminar biosafety cabinet. Following incubation, the samples were
washed with sterile distilled water in separate beaker in order to remove any unattached bacteria. The lettuce pieces were drained of excess water and were allowed to dry on sterile aluminium foil for 15 min
each side in laminar air ﬂow. Following air drying, the samples were
transferred to sterile petri-dish and stored for 48 h at either 4 °C or
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2.7. Post treatment analysis

15 °C.

To assess the eﬀect of ACP treatment on bacterial suspension in PBS
or LB, corresponding samples were collected into sterile Eppendorf
tubes and populations of surviving bacterial cells were estimated by
plating appropriate dilutions on TSA.
Following the ACP treatment and 24 h post storage period, the
bacterial bioﬁlm in 96 well plate was re-suspended in 200 μl of sterile
PBS. In order to disrupt the adhered bioﬁlm, the plate was sonicated
using water table sonicator (Bransonic 5510E-MT, USA, Mexico) for
10 min. The suspension was then pooled in sterile Eppendorf tube and
serially diluted in sterile maximum recovery diluent (MRD, Scharlau
Chemie, Spain). The antibacterial eﬀect of applied ACP treatment on
bacterial bioﬁlm was quantiﬁcation by plate count (PC) and XTT assay.
The mono-culture bioﬁlm was surface plated on TSA while to evaluate
the individual contribution of bacterial species in dual culture bioﬁlm,
the bacterial bioﬁlm suspensions were plated on selective media plates:
Polymyxin acriﬂavine- LiCl-ceftazidime-aesculin-mannitol PALCAM
(Scharlau Chemie, Spain) supplemented with PALCAM Listeria
Selective Supplement (Oxoid Ltd., England) for L. monocytogenes and
Pseudomonas Agar Base (PAB, Oxoid) supplemented with CFC selective
agar supplement with Cetrimide Fucidin Cephalosporin (CFC, Oxoid
Ltd., England) for P. ﬂuorescens. Plates were incubated at appropriate
incubation temperature as mentioned in Section 2.1 for 24–48 h. To
examine the eﬀect of ACP treatment on metabolic activity of bacterial
cells in bioﬁlms a 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)[phenylamino)car-bonyl]-2H-tetrazolium hydroxide assay (XTT, 1 mg/ml,
Sigma-Aldrich Co., Ireland) was utilised as described by Peeters et al.
(2008). The percentage of surviving bacterial population was calculated
as: ((AACP − AC) / A0) × 100%. Comparing the absorbance of treated
samples (AACP) with absorbance representing as negative control (AC;
sterile broth media without inocula) and untreated control bioﬁlms
(A0).
To study the eﬀect of ACP treatment on bacteria attached on lettuce,
control/treated lettuce samples were aseptically transferred into separate sterile stomacher bags (BA6041, Seward Ltd., UK) with 10 ml of
MRD and homogenised for 3 min in the stomacher (Model: BA6020,
England). The surviving L. monocytogenes and P. ﬂuorescens populations
were plated on appropriate selective agar plates. Experimental data
were reported as Log10 CFU/ml for bacterial counts in lettuce broth/
PBS, while log10 CFU/sample for bacterial counts on lettuce where
each sample weighed approximately 1.4–1.7 g. Results are reported as
Log10 CFU/ml for bacterial recovered in lettuce broth/PBS or Log10
CFU/sample for bacterial reductions on lettuce. The limit of detection
for bacterial recovery was 1.0 Log10 CFU/sample (plated volume 0.1 ml
and 1 ml of diluted or undiluted samples) or Log10 CFU/ml (plated
volume 0.1 ml and 1 ml of diluted or undiluted samples).

2.5. Bioﬁlm formation
A 96 well microtitre plate method was used for bioﬁlm formation.
The prepared bacterial cultured suspension (200 μl) was dispensed into
the 96 well microtitre plates and incubated for 24 h and 48 h at 30 °C
respectively. The supernatant (with non-adherent cells) from each well
was replaced with fresh broth after of 24 h incubation. Sterile LB
without inoculum was used as a negative control.
For multispecies bioﬁlm formation, P. ﬂuorescens and L. monocytogenes, bacteria were selected to investigate individual contribution
and bioﬁlm forming capacity of each bacteria under mixed bacterial
conditions. These bacteria are important strong bioﬁlm formers in fresh
and minimally processed produce. The individual inoculum was prepared as previously described and mixed in equal volume (1:1 ratio)
while adjusting the bacterial concentration to 7.0 Log10 CFU/ml.
Bacterial bioﬁlms were produced similarly like mono-species bioﬁlm by
adding 200 μl of prepared mixed bacterial suspension into wells of
microtitre plate and incubated at 30 °C for 24–48 h to form bioﬁlms
under static condition.
At the end of incubation, the supernatant was carefully aspirated
and rinsed thrice with PBS to remove non-adherent cells. Prior to each
experiment the bioﬁlm grown on microtitre plate was air dried for
60 min.
2.6. Experimental system
The ACP device used in this study was Dielectric barrier discharge
(DBD) system custom built in Dublin institute of technology generating
maximum high voltage output of 120 kV at 50 Hz. The device is elaborately described in previous studies by Ziuzina et al. (2015a). The
atmospheric air was used to generate ACP. The distance between the
two electrodes was 26.6 mm. Samples were placed in a sealed container
and treated by direct or indirect form of plasma treatment. For direct
plasma treatment, the sample container was placed directly between
the two electrodes i.e. within the range of plasma discharge. The distance between the top electrode and the sample for direct treatment
was approximately 10 mm. While in case of indirect plasma treatment,
the sample was placed at the corner of the container to achieve treatment away from plasma discharge range. The distance between the
sample and the centre of the electrode was maintained approximately
between 120 and 160 mm. For plasma treatment, each container containing the sample were sealed with a high barrier polypropylene bag
(B2630; Cryovac Sealed Air Ltd., Dunkan, SC, USA) and placed between
the aluminium electrodes.
For planktonic studies and stress studies, bacterial suspensions
(100 μl) in PBS or lettuce broth were dispensed in 96 well micro-titre
plates, placed at the centre of the polypropylene plastic container.
Separate experimental sets were prepared: 1) Bacterial cells in PBS were
treated at variable voltage range of 60–80 kV and treatment time of
15–300 s with post treatment storage time (PTST) of 24 h at room
temperature; 2) bacterial cells in PBS treated at 80 kV subjected to 1 h
and 24 h PTST; 3) acid and cold stressed cells in lettuce broth were
treated at 80 kV for 60 s and 120 s; 4) mono-cultured bioﬁlms were
subjected to direct plasma treatment for 60 s, while the dual species
bioﬁlms were treated for 60 s, 120 s and 300 s; 5) the inoculated lettuce
samples were exposed to indirect ACP treatment for 2 min and 5 min.
Unless otherwise stated, all samples were treated at 80 kV with a PTST
of 24 h at 4 °C. The eﬀect of post storage period and storage temperature was evaluated; samples were stored for 1 h or 24 h post plasma
treatment at 4 °C and 15 °C. Experiments were performed in duplicate
and replicated twice. The bacterial suspension without any plasma
treatment was kept as a negative control and stored under similar
conditions.

2.8. Statistical analysis
Statistical analysis was performed using IBM SPSS statistical tool
23.0 software (SPSS Inc., Chicago, USA). Means were compared according to the method of Fisher's Least Signiﬁcant Diﬀerence-LSD at the
0.05 level.
3. Results
3.1. Eﬀect of critical control parameters on ACP inactivation eﬃciency
The study evaluated the eﬀect of varying voltage levels (60, 70,
80 kV) on antimicrobial eﬃcacy of ACP with PTST of 24 h against S.
enterica, L. monocytogenes and P. ﬂuorescens in PBS (Table 1). The
highest voltage level of 80 kV showed signiﬁcantly greater inactivation
by comparison to 60 kV or 70 kV (p < 0.05). ACP treatment at 70 kV
reduced S. enterica and P. ﬂuorescens counts by 2.3 ± 0.10 and
3.0 ± 0.06 Log10 CFU/ml reduction after 120 s of treatment while
139
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Table 1
Eﬀect of voltage on plasma inactivation eﬃcacy in PBS.
Applied
voltages

60 kV

70 kV

80 kV

Plasma
treatment
time (s)

C1
C2
30
60
120
300
C1
C2
30
60
120
300
C1
C2
30
60
120
300

S. enterica
Cell
density
(Log10
CFU/ml)
8.06a
8.14b
7.38c
6.97f
5.69i
NDk
8.40a
8.30b
6.95d
6.30g
5.68i
NDk
8.19a
8.04b
6.69e
5.79h
NDj
NDk

SD

0.02
0.04
0.05
0.11
0.18
–
0.04
0.12
0.05
0.18
0.10
–
0.02
0.05
0.02
0.03
–
–

L. monocytogenes

P. ﬂuorescens

Cell
density
(Log10
CFU/ml)

Cell
density
(Log10
CFU/ml)

7.29a
6.84b
6.32c
3.71e
NDg
NDh
7.29a
6.84b
5.30d
NDf
NDg
NDh
7.29a
6.84b
5.00d
NDf
NDg
NDh

SD

0.04
0.10
0.09
0.17
–
–
0.06
0.02
0.06
–
–
–
0.05
0.14
0.10
–
–
–

7.50a
8.09b
6.30c
6.00c
5.70e
NDh
7.50a
8.09b
6.0c
5.8c
4.50f
NDh
7.50a
8.09b
6.1c
3.7d
NDg
NDh

SD

0.06
0.12
0.09
0.02
0.17
–
0.06
0.12
0.10
0.01
0.06
–
0.06
0.12
0.20
0.05
–
–

C1: Control without storage, C2: Control with storage, SD: Standard deviation,
ND: Non-detectable (below detection limit of 1.0 Log10 CFU/ml), Diﬀerent
letters indicate signiﬁcant diﬀerence between voltage levels and treatment
time. Each experiment was conducted in duplicate and replicated twice.

complete inactivation was achieved using 80 kV voltage level. L.
monocytogenes was reduced by 3.6 ± 0.17 Log10 CFU/ml after 60 s of
ACP exposure at 60 kV, but again was more susceptible to the higher
voltage levels.
The eﬀect of contained post treatment storage time is a known
important process factor for microbial inactivation and is presented in
Fig. 1. ACP treatment for 120 s with 1 h PTST yielded ± 2.7 Log10 CFU/
ml reduction of P. ﬂuorescens, and ± 1.1 Log10 CFU/ml reduction of S.
enterica. Extending the treatment time from 120 s to 300 s while retaining the PTST at 1 h, lead to further signiﬁcant reductions in population density (Fig. 1a). However, greater ACP inactivation eﬃciency
was obtained with 24 h PTST (p < 0.05) and 120 s treatment time,
with cells below detection limit after 120 s of ACP exposure (Fig. 1b).

Fig. 2. Eﬀect of acid stress and cold shock on the resistance of (a) L. monocytogenes and (b) P. ﬂuorescens to ACP treatment (▤: Control untreated, ■: 60 s
ACP, ■: 120 s ACP) when suspended in lettuce broth. Experiments were performed in duplicate and replicated three times (n = 6). Columns with diﬀerent
letters indicate a signiﬁcant diﬀerence between controls and ACP treated
samples (p < 0.05).

Fig. 1. ACP inactivation eﬃcacy against planktonic (▲) S. enterica, (■) E. coli, (●) L. monocytogenes, (◆) P. ﬂuorescens, with 30 s, 60 s, 120 s, 300 s of treatments at
80 kV with either (a) 1 h and (b) 24 h post treatment storage time. Experiments were performed in duplicates and replicated twice. Limit of detection was
1.0 Log10 CFU/ml.
140
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metabolically active cells signiﬁcantly decreased to an average of
52.5 ± 10.4%, 23.9 ± 2.3% and 3.5 ± 2.4% after 60, 120 and 300 s
of treatment. Both species under mono culture or mixed conditions
were found to be sensitive to ACP treatment.

3.2. Eﬀect of food and storage conditions on ACP bacterial inactivation
eﬃciency
To investigate the eﬀect of food product and storage conditions on
ACP bacterial inactivation eﬃciency, acid and temperature stresses
were applied to L. monocytogenes and P. ﬂuorescens inoculated in lettuce
broth (model product media) and treated with ACP (Fig. 2). In general,
the inactivation rates for L. monocytogenes and P. ﬂuorescens obtained
from short term exposure to acid (pH 4) stress were quicker than nonstressed control bacterial cells. P. ﬂuorescens exposed to acid stress
became highly sensitive and was reduced to 1.6 Log10 CFU/ml after 60 s
of plasma exposure. Exposure to cold stress (4 °C) did not signiﬁcantly
inﬂuence the eﬀectiveness of ACP treatments on P. ﬂuorescens, both
stressed and control cells had similar inactivation patterns. However, L.
monocytogenes exposed to low temperature, showed signiﬁcantly higher
resistance to ACP than non-stressed population. Exposure to environmental stress such as acid or temperature could trigger stress responses
in L. monocytogenes (Bergholz et al., 2012; Venkitanarayanan et al.,
2017) thus demonstrating enhanced bacterial resistance to ACP treatment than cells not exposed to acid/temperature stress.

3.5. Eﬀect of ACP on bacterial populations inoculated on lettuce
The antimicrobial eﬃcacy of ACP against dual bacterial bioﬁlms of
L. monocytogenes and P. ﬂuorescens grown on lettuce at 4 °C or 15 °C is
presented in Fig. 5. After 5 min of treatment, the concentration of cells
in 48 h bioﬁlm formed at 15 °C were signiﬁcantly reduced to undetectable levels compared with untreated controls (p ≤ 0.05). In the
current study, diﬀerent inactivation patterns were observed for 48 h
bioﬁlms grown at 4 °C and 15 °C. Increased resistance to ACP treatment
was observed for 48 h bioﬁlm formed at 4 °C with 4 Log10 CFU/ml reduction achieved for L. monocytogenes and 2.1 Log10 CFU/ml for P.
ﬂuorescens. Even though the average initial bacterial bioﬁlms formed by
L. monocytogenes (7.0 ± 0.3 Log10 CFU/ml) and P. ﬂuorescens
(5.5 ± 0.2 Log10 CFU/ml) was similar at both the temperatures, the
bioﬁlms grown at 4 °C were more resistant to inactivation by ACP.
These ﬁndings imply that environmental stressors could inﬂuence antimicrobial eﬃcacy of ACP treatment.
Storage temperature is an important factor in maintaining the
quality and the shelf-life of the fresh products. A diﬀerence in overall
lettuce appearance was observed at lettuce stored at diﬀerent refrigeration temperatures prior plasma treatment; signs of slight
browning observed only on lettuce stored at 15 °C. No diﬀerence in
relation to colour or texture of lettuce was visually visible due to the
plasma treatment and post 24 h storage. This research with lettuce
stored at refrigeration and or abuse temperatures presents opportunity
to further explore the eﬀects of cold plasma on the physico-chemical
and sensory properties of the fresh food products in future.

3.3. Eﬀect of ACP treatment on mono-culture bacterial bioﬁlms
Preliminary studies demonstrated ACP to eﬀectively inactivate
principle planktonic microorganisms relevant to fresh foods.
Inactivation of bacterial bioﬁlms is of special interest in food industry
due to their resistance and increasing source of contamination in food
products, leading to food spoilage, reducing shelf life of products, or
transmission of diseases (Phillips, 2016). This study investigated the
potential of ACP treatment for inactivation of bacterial bioﬁlms formed
by E. coli, L. monocytogenes, S. enterica and P. ﬂuorescens. Since 48 h
culture incubation yielded increased biomass with mature bioﬁlms (Fig.
S1), 48 h bioﬁlm were utilised for challenge bioﬁlm inactivation studies. The impact of ACP inactivation on bioﬁlm cells were analysed by
plate count and XTT assay. Surviving population of E. coli, L. monocytogenes, S. enterica and P. ﬂuorescens 48 h old mono-culture bioﬁlm
are represented in the Fig. 3. Bioﬁlm formation for 48 h in 12% lettuce
broth resulted in average attached population of 5.4 ± 0.4 Log10 CFU/
ml. According to both plate count and XTT assays, signiﬁcant reduction
of bacterial bioﬁlms was observed after ACP treatment. ACP treatment
reductions were 3.76, 4.14 and 2.6 Log10 CFU/ml for L. monocytogenes,
S. enterica and P. ﬂuorescens respectively. Highest inactivation levels
were observed for E. coli, where ACP treatment reduced bacterial population to undetectable levels, analysed by plate count method.
However, XTT assay demonstrated 34% metabolic activity when compared to control untreated (0 h). While, in case of L. monocytogenes, S.
enterica and P. ﬂuorescens, a better correlation was observed between
the colony count and XTT assay, metabolic activity was reduced by
72%, 42% and 35% respectively.

4. Discussion
In summary, results from this study show potential of ACP to treat
both pathogenic and spoilage bacterial in mono or dual bioﬁlms. The
study demonstrates the impact of diﬀerent parameters inﬂuencing ACP
inactivation eﬃcacy which includes: the bacterial type, physiological
state of cells, substrate on which the bacteria are present and ACP
process parameters such as applied voltage, treatment time and post
treatment storage environment conditions.
Increasing applied voltage to 80 kV largely resulted in higher bacterial inactivation to undetectable levels within short period of treatment time. Similar results were obtained with Han et al. (2016), where
the author also reported increased Reactive Oxygen Species (ROS) levels along with increased voltage levels have resulted faster inactivation. Atmospheric air plasma generates ROS and RNS species including
ozone, hydrogen peroxide and nitrates; which are among the most
commonly detected species using in-package Dielectric Barrier Discharge (DBD)-ACP system (Boehm et al., 2017; Han et al., 2015). The
reactive species generated by plasma have inhibitory eﬀect on bacterial
population causing oxidative damage of macromolecules like DNA,
proteins and lipids (Bourke et al., 2017). Additionally, PTST emerged as
critical treatment parameter for bacterial inactivation with this system.
Reports from Niquet et al. (2018) established that increasing the PTST
helped retain the reactive species generated from plasma treatment
inside the container, increasing the diﬀusion and interaction time with
the microbial targets which further enhanced ACP's antimicrobial eﬃcacy (Niquet et al., 2018). The study also reported high concentration
of hydrogen peroxide using in-package DBD-ACP system which increased over time of post treatment storage time of 24 h (Niquet et al.,
2018). Similarly, the inﬂuence of storage time on plasma eﬃciency at
short treatment duration was clearly observed in our study. The PTST of
1 h or 24 h facilitates retention of short- or long-lived reactive species
that enhances the antimicrobial eﬃcacy for decontamination. The

3.4. Eﬀect of ACP treatment on mixed culture bacterial bioﬁlm
Bacterial contamination of food or food processing environment is
more likely to exist as multi-species bioﬁlms, therefore subsequent investigations focussed on a mixed species bioﬁlm model. The signiﬁcant
increase in the bioﬁlm biomass was observed in mixed culture bioﬁlm
(Fig. S1) as compared to monoculture bioﬁlms. ACP was also employed
to treat mixed species bioﬁlms to investigate their antimicrobial eﬀects
in food processing environment. The Fig. 4 showed the size of the
surviving population as a function of duration of ACP treatment for
monoculture and mixed species bioﬁlm of L. monocytogenes and P.
ﬂuorescens. In case of dual species bioﬁlms, interspecies interaction was
found to have small eﬀect on antimicrobial eﬃcacy of ACP treatment.
Both L. monocytogenes and P. ﬂuorescens in dual species showed around
4.2 ± 0.2 log reduction after ACP treatment of 60 s and 24 h PTST.
Similar trend was observed by XTT assay, the percentage of
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Fig. 3. Surviving populations of 48 h bacterial mono-culture bacterial of (a) E. coli, (b) L. monocytogenes, (c) S. enterica and (d) P. ﬂuorescens assessed by (■) Plate
count, (▧) XTT assay after 60 s of ACP treatment and 24 h PTST. Vertical bars represent standard deviation. Limit of detection for plate count was 1.0 Log10 CFU/ml.
Values represented as diﬀerent letters indicate signiﬁcant diﬀerence between bacterial populations of the control and ACP treated samples analysed by plate count
method. Each experiment was conducted twice in duplicate (n = 4), while XTT was performed twice in triplicate (n = 6).

ﬂuorescens both are psychrotrophic bacteria known to survive and
grown under refrigeration temperatures. Microbial adaptation to stress
is also known to extend tolerance to multiple other lethal stresses, referred to as cross protection (Johnson, 2002). Microorganism can utilise
cross-protection as a defence mechanism against many food disinfection
or food preservation techniques (Rodriguez-Romo and Yousef, 2005).
Therefore, the cold stress induced cross protection to cold plasma observed here should be taken into account when designing and implementing minimal processing regimes that rely on refrigeration
temperature.
The physiological state of bacteria has been reported to play an
important role in its resistance under adverse environment conditions.
Several microbial pathogens or spoilage bacteria are able to form bioﬁlm on wide variety of surfaces which may possess a potential risk for
continuous reservoir of contamination in food processing environment.
In general, bioﬁlms are the dominant life style of bacteria which can
grow and survive in all environments and have enhanced resistance to
several antimicrobial agents (Sanchez-Vizuete et al., 2015). Fresh produce lettuce model broth was used to form bioﬁlm on microplate surface to analyse the inﬂuence of substrate components in relation to
fresh produces on antimicrobial eﬃcacy of treatment. ACP treatment
was eﬀective against challenge mono species bioﬁlms which was determined using direct plating technique combined with XTT assay to
gain insight into both culturable and metabolic active cells of the
bacterial bioﬁlm. According to colony counts, treatment for 60 s

interaction between the plasma species and bacteria has been reported
(Han et al., 2015; Julák et al., 2012). In this study, high voltage of 80 kV
along with 24 h PTST, was eﬃcient to reduce most of the bacterial
species with short treatment times thus these parameters were used for
further analysis.
To simulate real fresh produce processing conditions, a lettuce
model broth was used to analyse the inﬂuence of substrate components
and storage conditions in relation to fresh produce on antimicrobial
eﬃcacy of treatment. It is known in food processing environment, most
food substrate either enhance or reduce, bacterial attachment and
subsequent bioﬁlm formation (Papaioannou et al., 2018). Also, foodborne microorganisms are known to encounter variety of stress (acid,
oxidative, cold or heat shock induced mutations) within the food chain,
including production, harvest, postharvest handling, processing, disinfection and storage (Delaquis and Bach, 2012) which may increase
tolerance or resistance in bacteria. Therefore, this study investigated
the inﬂuence of short-term exposure of acid or cold stress on inactivation of common food pathogen and spoilage organism inoculated in
lettuce broth by ACP. Both strains were sensitive to ACP post acid exposure showing signiﬁcant reduction (p < 0.05) within 120 s of
plasma exposure. L. monocytogenes exposed to cold stress (4 °C) for 1 h
resulted in higher resistance than non-stressed control cells, potentially
giving cross-protective eﬀect against ACP treatment. While, P. ﬂuorescens exposed to cold stress (4 °C) did not show signiﬁcant diﬀerence to
values obtained for control non-stressed cells. L. monocytogenes and P.
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Fig. 4. Surviving populations of bacterial bioﬁlms after ACP treatment at 80 kV
and 24 h PTST assessed by (a) Colony count assay: (∎) L. monocytogenes dualbioﬁlm, (∎) P. ﬂuorescens dual-bioﬁlm, (▨) L. monocytogenes mono-bioﬁlm and
(▩) P. ﬂuorescens mono-bioﬁlm. Detection limit of 1.0 Log10 CFU/ml; (b) XTT
assay: (∎) L. monocytogenes single bioﬁlm, (▲) P. ﬂuorescens single bioﬁlm, (◆)
dual bioﬁlm of L. monocytogenes and P. ﬂuorescens. Each experiment was performed in duplicate and replicated twice (n = 4).

Fig. 5. Eﬀect of ACP on 48 h dual bacterial bioﬁlms of L. monocytogenes (Lm)
and P. ﬂuorescens (Pf) formed on lettuce at 4 °C and at 15 °C. (◼) untreated
control, (◼) 2 min and (▨) 5 min ACP treated samples. ND: not detectable; limit
of detection 1.0 Log10 CFU/ml. Experiments were performed in duplicate and
replicated twice. Diﬀerent letters indicate signiﬁcant diﬀerence between bacterial populations of the control and ACP treated samples (p < 0.05). Vertical
bars represent standard deviation.

reduced E. coli population to undetectable levels, whereas this treatment was less eﬀective against L. monocytogenes, S. aureus and P.
ﬂuorescens. Percentage reduction values based on XTT assay showed
good correlation with plate count method for L. monocytogenes, S.
aureus and P. ﬂuorescens. While in the case of E. coli bioﬁlms, even
though plate count results demonstrated bacterial cell count to undetectable levels, 34% metabolically active cells were detected after
60 s of ACP exposure. This could be due to oxidative stress encountered
from reactive species generated by ACP treatment, bacteria may enter
the viable but non-culturable (VBNC) state where bacteria cells are still
alive but are not able to grow on bacteria media. VBNC is a strategic
state adopted by most prokaryotes when subjected to adverse environmental conditions (Arana et al., 2010). There was a loss of bacteria
culturability but the cells were still metabolically active under stress
conditions and with the adoption of VBNC phenotype they may be able
to retain their virulence factors that could contribute further to contamination (Barcina and Arana, 2009; Oliver, 2010).
Interestingly in multispecies bioﬁlm, both P. ﬂuorescens and L.
monocytogenes displayed signiﬁcantly higher bioﬁlm cells compared to
its pure culture bioﬁlm. The main proposed factor for P. ﬂuorescens and
L. monocytogenes co-operation is the EPS production, large amount of
Pseudomonas EPS that would ﬁx, embed and protect L. monocytogenes

(Puga et al., 2014). Several factors could be involved for the tolerance
factor of multispecies bioﬁlm which includes the higher extracellular
polymer substance (EPS) production, diﬀerences in physiological
status, interspecies cross protection among the species, internalization
into the food (Stewart, 2015). Considering this, mixed bioﬁlm species
represent more challenging environment than single species bioﬁlm.
Previous studies by Norwood and Gilmour (2000) & Saá Ibusquiza et al.
(2012) investigated resistance of single and mixed species bioﬁlms of
Listeria and Pseudomonas against diﬀerent chemical disinfectants. Their
research demonstrated that Listeria and Pseudomonas species grown in
mixed species under most conditions were more resistant to disinfectants than single species. The interspecies interactions that take
place in multi-species bioﬁlm signiﬁcantly modify the matrix complex if
compared with mono-cultures. In contrast, in our current studies, interspecies interaction did not seem to have any eﬀect on antimicrobial
resistance of bioﬁlm of each individual species. A signiﬁcant reduction
in mixed bioﬁlms formed by L. monocytogenes and P. ﬂuorescens after
60 s of treatment and showed complete inactivation after prolonging
the treatment time to 120 s. The results obtained demonstrate that ACP
treatment obstruct the association capacity between the mixed bioﬁlms,
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implementation of eﬀective HV-ACP decontamination regimes. Also,
food quality studies are important for eﬀective commercialization of
the technology at industrial scale, current studies are in process to
quantify the eﬀect of the ACP technologies in combination with
Modiﬁed atmospheric packaging (MAP) on the microbiology and
quality of the selected fresh products under real storage conditions and
validate the expected beneﬁts of the technologies in terms of shelf-life.

giving rise to mixed bioﬁlm that is signiﬁcantly (p < 0.05) less resistant to ACP. However, an extended treatment time of 300 s was necessary in order to achieve signiﬁcant reductions of challenge mixed
bacterial culture bioﬁlms inoculated on lettuce for 48 h. Bacterial pathogens can rapidly attach to diﬀerent plant parts (stomata, veins,
lenticels, plant cuts) and persists for longer periods which are much
more complex for antimicrobial treatments to reach (Warning and
Datta, 2013). Also, the organic components in the fresh produces such
as proteins, vitamins, could scavenge the reactive species generated by
the plasma exposure thus defending the microbial cells from oxidation
and cell death. Additionally, studies by Ziuzina et al. (2015b) demonstrated that the storage conditions, such as temperature, light and time
had interactive eﬀects on bacterial proliferation and susceptibility to
the ACP treatment. The ﬂuctuation in the temperature or light intensity
may induce bacterial attachment, bioﬁlm formation and internalization
in plants (Ziuzina et al., 2015b). Consistent storage temperature is
diﬃcult to maintain throughout the distribution process of fresh produces. Therefore, in this work, eﬀect of temperature (4 °C and 15 °C) on
bacterial bioﬁlm formation and its susceptibility to ACP treatment was
evaluated. The temperature 4 °C was chosen as the general refrigeration
temperature used for fresh produce storage and 15 °C was selected to be
close to the thermal conditions encountered in many food production
environments. The results demonstrated that high voltage ACP treatment for 300 s signiﬁcantly reduced 48 h bioﬁlm grown at 15 °C to
undetectable levels, however there was signiﬁcant diﬀerence between
bioﬁlm grown at 4 °C. Mixed bioﬁlm formed at 4 °C showed increased
resistance to treatment, P. ﬂuorescens particularly was found to present
higher resistance than L. monocytogenes to ACP treatment. Similarly, the
resistance of the L. monocytogenes exposed to with chlorine (0.465%) or
peroxyacetic acid (2%) increased with incubation time of stainless steel
coupons at 4 °C (Belessi et al., 2011). Furthermore, previous studies
have demonstrated bacteria present in mixed species bioﬁlm have increased understanding of interactions and dynamics of surface attachment. The bacterial populations attached may not contribute at the
same level towards bioﬁlm formation or under environmental stress
conditions, some of bacterial strain is able to dominate over the others,
depending on the surrounding conditions and develop resistance
(Giaouris et al., 2013; Kostaki et al., 2012). The more characteristic
feature of the dual L. monocytogenes and P. ﬂuorescens bioﬁlms is the
layering, L. monocytogenes is located at the bottom layer of the dual
bioﬁlm (Puga et al., 2014). The bacterial population located at bottom
in the bioﬁlm structure undergo several anaerobic and starvation
stresses (Lungu et al., 2010). Depth and slow doubling time could
contribute to highly increased resistance to antimicrobials as observed
for L. monocytogenes in multispecies.
In conclusion, ACP was eﬀective against planktonic population effectively eliminating viable cells present in mature bioﬁlm formed in
lettuce broth or on lettuce under diﬀerent conditions (mono or mixed
bioﬁlm). ACP remains a promising technology for decontamination of
pathogenic or spoilage bacteria in bioﬁlms present on fresh fruits and
vegetables on fresh produce and associated food processing environments. However, caution must be used in cognisance of the environmental stresses previously encountered by microbial risk and the potential for cross protection to ACP from low temperature exposure. All
the results presented surely highlight the complexity of mono/mixed
bioﬁlm present, the inﬂuence of interspecies interaction between pathogenic and spoilage bacteria in bioﬁlm, culture and bioﬁlm setup
conditions, temperature, substrate surface, composition of substrate.
The fresh produce industry currently lacks eﬃcient control methods to
ensure elimination of food-borne pathogens from minimally processed
food products. ACP could be part of an eﬃcient control mechanism
against bacterial contamination in fresh cut produce or minimally
processed products which could help extend shelf-life while maintaining quality. Further investigation of the molecular mechanism behind the stress responses and the relationship to ACP treatment is
needed to provide useful information for optimisation and
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